Correct cell cycle regulation is especially challenging at the start of life. Ovulated oocytes must maintain meiotic arrest until fertilization, and then complete meiosis and initiate a series of modified cell divisions without growth. Moreover, myriad key developmental events, such as chromatin remodeling and transcriptional activation of the genome, are coordinated with each other via the cell cycle, particularly passage through the DNA synthesis phase (S Phase). We examined here the expression of more than 30 mRNAs related to cell cycle regulation in rhesus monkey oocytes and embryos and compared the expression of these mRNAs between oocytes and embryos of different developmental potentials. We find that the maternally inherited stores of cell cycle regulatory mRNAs are especially susceptible to disruption in cases of diminished oocyte and embryo quality in the rhesus monkey. In comparison to published mouse array data, we also observed striking species differences in the temporal expression patterns of many of these genes, suggesting that mechanisms of cell cycle control may differ and that the responses of oocytes and embryos to external insults may likewise differ.
INTRODUCTION
The development from a single-cell zygote to fertile adult requires many rounds of cell division. During each division, cells complete an ordered series of events that collectively form the cell cycle. This cycle includes accurate duplication of the genome during the DNA synthesis phase (S phase) and segregation of complete sets of chromosomes to each of the daughter cells in M phase. Components of the cell cycle control system are cyclin-dependent protein kinases (CDKs), whose activity depends on association with regulatory units called cyclins. Activation of S-phase cyclin-CDK complexes initiates S phase, whereas activation of M-phase cyclin-CDK complexes triggers mitosis. The coordinated action of multiple protein kinases is required for the transition between the different phases of the cell cycle and for successful cell growth and division. Two enzymes complexes, the SKP1/cullin/Fbox complex (SCF) and the anaphase-promoting complex (APC), are also crucial components of the cell cycle control system. They induce the proteolysis of specific cell cycle regulators by ubiquitination.
Timing is important during embryogenesis. During the early preimplantation period, a number of dramatic and key developmental processes must be coordinated with each other temporally, including degradation of maternal mRNAs, DNA replication, chromatin remodeling, and transcriptional activation of the embryonic genome. Early studies primarily in the mouse pointed to the possible existence of a ''cleavage clock'' as a key regulator of timing in the early embryo [1] . More recent studies, however, indicated that many of these early processes are actually regulated by passage through S phase or by other cell cycle-dependent mechanisms. For example, passage through the first S phase is apparently required for activating embryonic gene transcription, and passage through the second S phase appears to be essential for establishing a transcriptionally repressive chromatin state wherein enhancers are necessary for gene activation [2] [3] [4] . Moreover, cell cycle regulators may play a role in controlling maternal mRNA translational recruitment [5] .
These observations indicate that the mechanisms that regulate passage through the cell cycle likely control key processes in the early embryo and thus play a key role in orchestrating these processes and ensuring that they occur with the correct timing. Defects in this temporal regulation would be expected to be deleterious to the embryo. Consistent with this expectation, embryos of lesser developmental potential display prolonged cell cycles during cleavage [6] or even undergo cell cycle arrest [7] [8] [9] [10] . One of the most striking examples of this is the two-cell block in cultured mouse embryos, wherein disruptions arise in the activities of key cell cycle regulators, particularly under unfavorable culture conditions [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] . Hamster [6] , bovine [20] , and human [21] [22] [23] [24] [25] [26] embryos that display timely cleavage divisions also display enhanced developmental potentials compared with those that cleave more slowly. Uniparental embryos and cloned embryos, which also have limited developmental potentials, display delayed cleavage divisions and fewer cells at the blastocyst stage [27] [28] [29] [30] . In the rhesus monkey, embryos derived by fertilization of ooctyes from prepubertal females or oocytes collected during the nonbreeding season undergo cleavage arrest [31] . Collectively, these observations indicate that perturbations in cell cycle progression are a common feature of developmentally compromised embryos of many species.
In cases where developmental arrest is observed, arrest is most commonly seen around the time of major genome activation event, when the embryonic genome undergoes a dramatic surge in transcriptional activity [32] . This includes the two-cell block in mouse embryos and cleavage arrest in rhesus monkey embryos at the eight-cell stage [10, 33, 34] . Cleavage arrest at the time of genome activation reflects the coordination that is needed between degradation of maternal mRNAs and expression of embryonically encoded cell cycle genes. The mRNAs encoding some cell cycle regulators are enriched in oocytes, whereas others increase in expression after genome activation [35] . This suggests that early transcripts encoded by the embryonic genome must be produced in order to sustain embryonic cleavage divisions. Early gene transcription also appears to be required to suppress apoptotic processes [36] , which can be activated in response to various forms of stress [37] [38] [39] [40] [41] . The timely onset of expression of key cell cycle regulators is essential for normal development, and defects in such expression can lead to apoptosis and developmental arrest [42] . Overall, the correct expression of cell cycle regulators during preimplantation development is critical in order to sustain development and permit the embryo to respond to such factors as DNA damage, stress, and other adverse conditions by activating either survival and repair mechanisms or apoptotic processes.
In seeking to understand the molecular processes that restrict embryo developmental potential, it is therefore of interest to understand in detail the temporal regulation of key cell cycle regulatory genes and how the expression of these genes is altered in embryos of lesser developmental potential. To answer these questions in the rhesus monkey model, we took advantage of the Primate Embryo Gene Expression Resource (PREGER), which has been established to permit detailed quantitative mRNA expression studies in rhesus monkey oocytes and embryos [43] [44] [45] [46] [47] . PREGER contains a set of more than 200 samples representing oocytes and embryos of many stages and differing developmental potentials and representing the products of different protocols for hormonal stimulation, in vitro or in vivo oocyte maturation, and embryo culture [43] . In addition to the sample set, an online database of mRNA expression data is available at www. preger.org. PREGER is thus a permanent, renewable resource that permits cumulative studies of mRNA expression over time using a uniform, biologically diverse sample set, and it is available to any interested investigator without need for direct access to freshly isolated nonhuman primate (NHP) oocytes or embryos. The PREGER sample set also offers a valuable tool for NHP modeling of human embryos. The mRNA expression data obtained with PREGER provide insight into patterns of gene regulation during development, as well as the extent of disruption of these patterns by diverse procedures and in association with compromised oocyte and embryo quality. Such studies of gene expression can thus reveal specific molecular mechanisms or pathways that support normal development or that may be altered during abnormal embryogenesis, including effects on gene transcription and effects on the maternal mRNA population. The mRNA expression data can also support the formulation of testable hypotheses and can help guide the design of additional functional studies and studies at the protein level. The analysis of cell cycle regulatory genes presented here revealed a high incidence of aberrant expression of cell cycle regulatory mRNAs among oocytes and embryos of poor developmental potential.
MATERIALS AND METHODS

Oocytes and Embryos
We employed PREGER (www.preger.org). All procedures employed to obtain oocytes and embryos were conducted according to recommendations of the Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act and its amendments. Details of oocyte and embryo isolation and culture are described in detail in our previous studies [43] [44] [45] [46] [47] [48] and at the above web site.
The PREGER resource encompasses a large, biologically rich set of .170 samples representing rhesus monkey oocytes and embryos obtained through a variety of different protocols, including in vitro oocyte maturation, in vivo maturation, in vitro fertilization, in vivo fertilization, in vitro culture, and development in vivo. Between 3 and 13 samples of one to four oocytes or embryos were obtained for each stage or condition (note: because the entire mRNA population is uniformly amplified during the RT-PCR procedure, the amount of input mRNA within the range of one to four embryos does not affect the quantitative representation of sequences within the amplified cDNA population). The embryos collected for inclusion in the PREGER sample set were of high quality and healthy in appearance. Blastomeres displayed uniform granularity. A minimum of three females was employed to obtained samples for each stage, with the exception of the two-cell stage, for which two females were employed. Samples of eight-cell and morula stage embryos treated with the RNA polymerase II inhibitor a-amanitin from the pronucleate stage onward in hamster embryo culture medium (HECM9) were included to evaluate transcriptional dependence of mRNA expression after the time of the major embryonic genome activation event. Of special interest for this study were comparisons between oocytes and embryos of different developmental potentials. Oocytes of differing developmental potentials were obtained either by in vivo maturation (fully grown oocytes, large antral follicles, high developmental potential) following stimulation with FSH and hCG, by in vitro maturation following stimulation with FSH only (fully grown oocytes, large antral follicles, intermediate developmental potential), or by in vitro maturation with no hormonal stimulation (fully grown oocytes, small antral follicles, low developmental potential).
Complementary DNA Probes and Hybridization
The PREGER resource was constructed using the quantitative amplification and dot blotting (QADB) method. This method entails the direct lysis of small numbers of oocytes or embryos in a reverse transcription (RT) buffer supplemented with nonionic detergent, thereby avoiding RNA losses associated with organic extractions. The mRNA within the cell is reverse transcribed and quantitatively amplified under conditions that preserve quantitative representation of sequence abundances. The cDNA is then available for many different purposes, including the production of dot blots for gene expression analysis by hybridization. Once the dot blots are prepared, they are hybridized to mRNAspecific probes, and the hybridization results are analyzed.
Complementary DNA probes were obtained by PCR (Table 1 ) from specific cDNA clones obtained from Open Biosystems (Huntsville, AL). Blot preparation, probe preparation, hybridization, and quantitative analyses were performed as described [43] [44] [45] 48] . Data were expressed as the mean counts per minute (CPM) bound value (6SEM) for each stage/condition of oocytes and embryos included in the analysis. For some analyses, the ratios of expression were calculated among the three classes of oocytes or embryos derived from them, and the mean ratio (6SEM) was calculated for each stage. Significance of differences was evaluated using the t-test.
The genes analyzed were preselected for involvement in a single process (cell cycle regulation), and so the expression of any one gene in the pathway is unlikely to be independent of the expression of others in the pathway. So, too, the genes expressed at each developmental stage are not likely to be independent of the collection of genes expressed at the previous or subsequent developmental stages. The three hormonal treatment groups, however, constitute independent variables, and the expression of each gene has been tested in each of the three possible comparisons. To address the need for correction for multiple testing, we have noted those comparisons that achieve statistical significance after applying the Bonferroni correction for the performance of three tests (i.e., significance at P , 0.016) [49] . Because NHP oocytes and embryos are experimental samples that are both expensive and difficult to obtain, however, and because additional data could become available in the future to augment this data set, we also indicate those differences in expression passing the uncorrected marginal statistical significance value of P , 0.05.
RESULTS
The patterns of expression of 35 mRNAs related to cell cycle control were examined in rhesus monkey oocytes and embryos using the PREGER sample set. The expression of additional cell cycle-related mRNAs was examined in previous studies [45, 47] and, where appropriate, the results for these additional genes were included here for consideration, as indicated in the text. The mRNAs examined encoded cyclins, spindle/centrosome proteins, transcriptional regulators, proapoptotic proteins, and proteins controlling DNA replication. Expression patterns were evaluated both temporally and with respect to differences in oocyte and embryo developmental potential.
CELL CYCLE DISRUPTION IN RHESUS MONKEY EMBRYOS
Expression of mRNAs Encoding Cyclins and CDKs
Cyclin and the CDKs are the principal regulators of cell cycle progression. These proteins comprise the cores of the complexes that drive the irreversible progression past cell cycle checkpoints, which must be successfully negotiated for cells to divide. We examined the expression of mRNAs encoding seven cyclins and three CDKs ( Table 1) . None of the CDK mRNAs was detected (CDC2/CDK1, CDK2, and CDK4) in the monkey by this method. Among the cyclin mRNAs, two (CCND1 and CCND2) were not detected ( Fig. 1 and Table 1 ). CCNA1 mRNA expression was low from GV stage, transiently increased at eight-cell and morula stages (P , 0.05), and decreased again thereafter. The CCNA2 mRNA was expressed as a maternal mRNA in oocytes and embryos through the twocell stage, and at a lower but constant level from the eight-cell stage onward (P , 0.01). The CCNB2 mRNA yielded the strongest hybridization signal of any in this group of genes at GV stage. This expression declined upon oocyte maturation and remained low thereafter. The CCNE1 and CCNE2 mRNAs displayed lowest expression in oocytes and early embryos, with expression increasing dramatically in hatching blastocysts (P , 0.05). With exception of CCNA2, the cyclin mRNAs were all a-amanitin sensitive at the 8-to 16-cell stage, indicating active transcription following embryonic genome activation (P , 0.05).
Expression of mRNAs Encoding Cyclin Kinase Inhibitors (CDKIs)
Cyclin-dependent kinase inhibitors (CDKIs) bind to and inhibit the activity of CDKs. They suppress growth, and some CDKIs may be tumor suppressors [50, 51] . In embryos, CDKIs suppress cleavage [12] . Two CDKI mRNAs (CDKN1A and CDKN1B) were examined previously [45] . The CDKN1A mRNA was not detected, and the CDKN1B mRNA displayed very low expression in oocytes and embryos through the eightcell stage, with a dramatic increase as blastocyst stage was attained. In this study, the CDKN2A mRNA also was not detected. Two additional members of this group yielded detectable signals for the monkey (Fig. 2) . The CDC25A mRNA yielded a moderately strong hybridization signal throughout development, with predominantly maternal expression, declining to a minimum value at the morula stage, and a subsequent re-expression increasing from early to hatched blastocyst stages. The CDKN3 mRNA yielded a strong signal for GV-stage oocytes, which diminished upon maturation (P , 0.0001) and remained very low until the morula through blastocyst stages. 
MTANGO AND LATHAM
Expression of mRNAs Encoding Transcriptional Regulators of Cell Cycle Progression
The E2F1, E2F2, and E2F3 proteins direct the transcription of genes needed for progression through the G 1 /S checkpoint [52] [53] [54] [55] . These proteins also interact with the retinoblastoma (RB) protein, a negative regulator of cell cycle progression [56] . Neither E2F4 nor E2F5 interact with RB, and E2F6 lacks transcriptional activation activity and thus may be a transcriptional repressor [55] . Transcription factor Dp1 (TFDP1) associates with E2F proteins to regulate transcription [57, 58] . PA2G4 is a DNA-binding protein that is expressed highly between G 1 and mid-S phase. PA2G4 encodes a DNA-binding protein that is present in the nucleus during interphase and early prophase but is otherwise in the cytoplasm, and appears to be involved in the control of cell replication [59] . Of the E2F family members tested, the E2F4 mRNA was not detected (Fig.  3) . The E2F1, E2F2, and E2F6 mRNAs all showed predominantly embryonic expression, with low hybridization signals in the oocyte and early embryo, followed by significant upregulation at the eight-cell stage (P , 0.05). The E2F6 mRNA produced the strongest and most consistently detected hybridization signals. The RB1 mRNA was not detected. The mRNA encoding the E2F accessory protein, TFDP1, was similarly upregulated at the eight-cell stage. The PA2G4 mRNA was expressed throughout development. The PA2G4 mRNA increased in apparent abundance during oocyte maturation (P , 0.0001), signaling possible maternal mRNA polyadenylation (this would enhance its ability to support oligo(dT)-primed reverse transcription [60] ) and remained aamanitin insensitive through the 8-to 16-cell stage, gradually increasing in abundance thereafter.
Expression of mRNAs Related to DNA Replication
An earlier study reported the expression patterns of genes related to DNA repair in the rhesus monkey oocyte and embryo [45] . We examined here three additional mRNAs related to DNA replication (Fig. 4) . The minichromosome maintenance (MCM) complex, which includes MCM2, is loaded onto DNA at replication origins at the start of S phase and is needed for elongation during DNA replication [61] . The chromatin licensing and DNA replication factor 1 (CDT1) protein is required for this loading, and this activity is inhibited by another protein called Geminin [62] . The MCM2 mRNA was expressed most highly in oocytes and persisted throughout development, with a slight decrease in abundance (Fig. 4) . The CDT1 mRNA was expressed highly in the monkey GV-stage oocyte, declined dramatically upon oocyte maturation (P , 0.0001), and then increased in expression from the eight-cell stage onward. The Geminin (GMNN) mRNA was also expressed prominently as a maternal mRNA in the rhesus monkey, with declining abundance from the morula stage onward.
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Expression of mRNAs Related to Spindle and Centromere Functions
Key components of the cell cycle are the successful assembly and alignment of chromosomes on the mitotic spindle, formation of the spindle, and subsequent chromosome segregation. We examined here the expression of 14 mRNAs related to these processes (Fig. 5) . The expression of two additional related mRNAs, PLK1 and PLK3, was described in a previous study [45] . DCTN3, INCENP, and KIF2C were not detected in rhesus monkey oocytes and embryos. The majority of these mRNAs were maternally expressed (AURKA, CENPC, CENPE, KIF23, PLK4, PRC1, and PTTG1), as was previously reported for the PLK1 and PLK3 mRNAs [45] . Only two of these (KIF23 and PRC1) displayed a-amanitin-sensitive expression (P , 0.001) at the 8-to 16-cell stage, indicative 
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of active embryonic transcription. The AURKB and KIF22 mRNAs were detectable in oocytes but were more prominently expressed at later stages (P , 0.05). The KIFC2 and KIF4A mRNAs were expressed at very low abundances in oocytes and displayed increasing expression during cleavage, with the rise in KIF4A abundance preceding that for the KIFC2 mRNA. Interestingly, different members within gene families often displayed opposing mRNA expression profiles, for example, comparing AURKA with AURKB and comparing KIF22 and KIF23 with KIFC2 and KIF4A.
Expression of mRNAs Related to Apoptosis
We examined the expression of three proapoptotic mRNAs encoding the proteins BCL2-associated athanogene (BAG1), baculoviral IAP repeat-containing 5 (BIRC5, also known as survivin), and FAS-associated factor 1 (FAF1) that function with the cell cycle ( Fig. 6 and Table 2 ). The three mRNAs showed similar patterns, having abundant expression at the GV stage and a significant decrease upon oocyte maturation (P , 0.0001), followed by increased expression from the eight-cell stage onward. FAF1 had lowest expression among the three. BAG1 mRNA displayed a-amanitin-sensitive expression at the 8-to 16-cell stage (P , 0.01).
Effects of Hormonal Stimulation Protocol on mRNA Expression
The oocytes obtained from nonstimulated (NS) females have very poor developmental competence once fertilized, with the majority of embryos arresting during cleavage [63] . Oocytes from FSH (in vitro maturation)-stimulated and FSH þ hCG (in vivo maturation)-stimulated females fare much Essential for the control of the cell cycle at the G2/M (mitosis) transition.
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CCND1
Essential for the control of the cell cycle at the G1/S (start) transition. CCND2 CCNE1 CCNE2
Essential for the control of the cell cycle at the late G1 and early S phase. Cyclin-dependent kinases (CDKs) CDC2/CDK1 Required in higher cells for entry into S phase and mitosis.
CDK2
Involved in cell cycle regulation (G1 to S transition). CDK4 CDK inhibitors CDKN2A/P16 Acts as a negative regulator of the proliferation of normal cells by interacting strongly with CDK4 and CDK6.
CDKN1A/P21
Binds to and inhibits cyclin-dependent kinase activity, preventing phosphorylation of critical cyclin-dependent kinase substrates and blocking cell cycle progression.
CDKN1B/P27
Involved in G1 arrest.
CDC25A
Required for progression from G1 to the S phase of the cell cycle.
CDKN3
Control of the cell cycle at the G1/S transition. DNA replication CDT1 Cooperates with CDC6 to promote the loading of the mini-chromosome maintenance complex onto chromatin to form the prereplication complex necessary to initiate DNA replication.
GMNN
Inhibits DNA replication by preventing the incorporation of MCM complex into prereplication complex.
MCM2
Acts as a factor that allows the DNA to undergo a single round of replication per cell cycle. Required for the entry in S phase and for cell division. Centromere and spindle formation AURKA Play a role in cell cycle regulation during anaphase and/or telophase, in relation to the function of the centrosome/spindle pole region during chromosome segregation and is involved in microtubule formation and/or stabilization. AURKB Involved in regulating the cleavage of polar spindle microtubules and a component of the chromosomal passenger complex (CPC) that acts as a key regulator for the onset of cytokinesis during mitosis.
CENPE
May organize arrays of centromere satellite DNA into a higher order structure which then directs centromere formation and kinetochore assembly in mammalian chromosomes. CENPC Minus-end directed microtubule/kinetochore motor which accumulates just before mitosis at the G2 phase of the cell cycle. Important for chromosome movement and/or spindle elongation.
DCTN3
Microtubule and cytoplasm-dependent molecular motors that transport organelles within cells and move chromosomes during cell division.
INCENP
Component of the chromosomal passenger complex (CPC), a complex that acts as a key regulator of mitosis. The CPC complex has essential functions at the centromere in ensuring correct chromosome alignment and segregation and is required for chromatin-induced microtubule stabilization and spindle assembly.
KIF2C
Associates with centromeres at early prophase until after telophase.
KIFC2
Important for anaphase chromosome segregation and may be required to coordinate the onset of sister centromere separation.
KIF22
Microtubule-dependent molecular motors that transport organelles within cells and move chromosomes during cell division.
KIF23
Plus-end-directed motor enzyme that moves antiparallel microtubules in vitro. Localizes to the interzone of mitotic spindles.
KIF4A
Translocates PRC1 to the plus ends of interdigitating spindle microtubules during the metaphase to anaphase transition. Generate directional movement along microtubules.
PRC1
Involved in cytokinesis. Translocated by KIF4A to the plus ends of spindle microtubules during the metaphase to anaphase transition, an essential step for the formation of an organized central spindle midzone and midbody and for successful cytokinesis. Apoptosis BIRC5 Has default induction of apoptosis in G2/M phase. Component of the chromosomal passenger complex (CPC).
BAG1
Inhibits the chaperone activity of HSP70/HSC70 by promoting substrate release. Has anti-apoptotic activity.
FAF1
Potentiates but cannot initiate FAS-induced apoptosis.
RB1
Binds to the E2F transcription factor and prevents its activity. Transcription regulators E2F1 Transcription activator that binds DNA cooperatively with dp proteins through the E2 recognition site, 5 0 -TTTC[CG]CGC-3 0 found in the promoter region of a number of genes whose products are involved in cell cycle regulation or in DNA replication. The DP2/E2F complex functions in the control of cell-cycle progression from G1 to S phase. The E2F-1/DP complex appears to mediate both cell proliferation and apoptosis.
E2F2 E2F4 E2F6
TFDP1
Stimulate E2F-dependent transcription. Binds DNA cooperatively with E2F family members.
PLK4
Required for cell division and may have a role during G1 or S phase.
PA2G4
Inhibits transcription of some E2F1-regulated promoters, probably by recruiting histone acetylase (HAT) activity.
PTTTG1
Regulatory protein, which plays a central role in chromosome stability, in the p53/TP53 pathway, and DNA repair. Blocks action of key proteins. During the mitosis, it blocks Separase/ESPL1 function, preventing the proteolysis of the cohesin complex and the subsequent segregation of the chromosomes.
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MTANGO AND LATHAM better during cleavage [63] . To determine whether this difference in developmental potential could reflect differences in expression of cell cycle regulatory genes, we compared gene expression between oocytes of the three classes and fertilized embryos derived from them, combining data from the genes analyzed here along with previously reported data for cell cycle regulatory genes. Of a total of 71 genes examined, expression of 56 was detected. Of these, 30 displayed significant differences (P , 0.05) among oocytes and embryos of the three classes ( were contained with two categories (cyclins and centromere þ spindle proteins). Of the seven mRNAs differing significantly between the FSH þ hCG and FSH oocytes, six were contained in these two categories, the one exception being BRCA1. Following fertilization, pronucleate-stage embryos produced with oocytes from FSH-stimulated females displayed many fewer (eight, P , 0.05; and two, P , 0.016) significant differences, but five of these were cases of lower apparent abundance in FSH embryos. Two of the latter five were unaffected in MII-stage FSH oocytes, and three of the five had displayed elevated abundances in MII-stage FSH oocytes. In contrast to the more normalized mRNA expression pattern in FSH pronucleate-stage embryos, embryos from NS oocytes continued to display significant disruptions in a large number (16, P , 0.05; and 7, P , 0.016) of mRNAs. Ten of these had displayed higher apparent abundances than their FSH þ hCG counterparts in oocytes, and continued to do so in PN-stage embryos. As with the MII stage, the majority of these affected mRNAs fell in the cyclin and centromere/spindle protein categories.
At the two-cell stage, embryos from FSH oocytes displayed significant alterations in five mRNAs relative to their FSH þ hCG counterparts, three of which appeared to be the result of aberrant mRNA stabilization. By contrast, two-cell embryos from NS oocytes displayed alterations in 16 mRNAs relative to FSH þ hCG embryos (P , 0.05), and three other mRNAs (CDT1, KIF22, and FBXW2) were detected in FSH þ hCG embryos but not detected in NS embryos. Seven of the mRNAs displaying elevated signals in NS MII-stage oocytes displayed reduced signals in NS two-cell stage embryos. The 19 affected mRNAs displayed a more uniform distribution among the six categories included in Table 3 , so that the specificity toward cyclins and centromere/spindle protein categories appeared Required to arrest cells transiently in early prophase when they are exposed to microtubule poisons. Acts in early prophase before chromosome condense, when the centrosome move apart from each other along the periphery of the nucleus. May be involved in signaling the presence of mitotic stress caused by microtubule poisons.
CUL2
Essential subunit of SKP1-cullin/CDC53-F box protein ubiquitin ligases that regulate the abundance of proteins that promote and inhibit cell cycle progression at the transition between G1 and S phases. CUL3 CUL4 CUL5 FBXW2 RBX1 SKP1A SKP2 z These genes were analyzed as part of a previous study; see Zheng et al. [45] for details of primers and functions. § Data reproduced from previous publication [47] .
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a-c Different superscripts denote statistically significant differences within a stage; P ,
(see Materials and Methods).
d-f
Different superscripts denote statistically significant differences within a stage; P ,
262 lessened. Of the five mRNAs displaying significant differences between FSH þ hCG and NS embryos at the more stringent significance level of P , 0.016, however, two were in the centromere/spindle protein category, again pointing to the prominence of this category. Another two were in the DNA damage-sensing category (BRCA1 and MDM2), and one (E2F6) was in the transcription regulation category. The BRCA1 mRNA was thus overexpressed in NS embryos at both the one-cell and two-cell stages.
DISCUSSION
The period spanning oocyte maturation, fertilization, and preimplantation development is notable for unique modes of cell cycle regulation. After oocyte maturation, the mammalian FIG. 7 . Expression patterns of cell cycle regulatory genes in mouse oocytes and embryos. Expression data for murine homologs were extracted from the microarray data deposited in the Gene Expression Omnibus repository by Zeng et al. [64] , which were obtained originally using the Affymetrix MOE 430A and 430B chip. The stages represented were GV-stage oocytes and embryos at the one-cell, two-cell, eightcell, and blastocyst stages. These data were expressed as the mean (6SEM) Affymetrix array hybridization signal.
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oocyte remains arrested at the second meiotic metaphase until fertilization. Fertilization then leads to a series of mitotic cell cycles that are uniquely characterized by multiple rounds of DNA replication and cell division without growth, collectively known as cleavage. Severe disruptions in the cell cycle can lead to spontaneous oocyte activation and parthenogenesis, failures in oocyte activation after fertilization, DNA replication/repair defects, mitotic errors, and developmental arrest during cleavage. Additionally, the cell cycle likely serves as a key choreographer within early embryos, coordinating myriad molecular events over time. Even without developmental arrest, delays in cell cycle progression are correlated with poor oocyte and embryo quality.
We report here a detailed examination of the expression patterns of 35 cell cycle regulatory mRNAs in rhesus monkey oocytes and embryos, which combined with previously published data, brings the total number of cell cycle regulatory mRNAs examined to 71. The genes analyzed here affect all of the major aspects of cell cycle regulation, including cell cycle progression, DNA replication and repair, cell cycle arrest related to apoptosis, mitotic spindle formation, and chromosome segregation, as well as transcription factors that regulate genes that participate in these processes. We find that, indeed, aberrant regulation of cell cycle-related genes is a prominent feature of oocytes and embryos of compromised developmental potential. Of the 56 mRNAs for which expression was detected, we found significant aberrations related to oocyte and embryo quality in the expression of more than one half (n ¼ 30) at the significance level of P , 0.05, and more than one fifth (n ¼ 12) at the more stringent level of significance (P , 0.016). The vast majority of these (26 of 30) display significant differences in MII-stage oocytes, 20 being altered in oocytes of moderately reduced potential (those from FSHstimulated females) and 24 of 30 being altered in oocytes of severely compromised potential (those from NS females; 9 and 12, respectively, at the more stringent level of P , 0.016), and 17 displaying either increased or decreased hybridization signals in both kinds of oocytes (eight at the significance level of P , 0.016). The affected mRNAs were distributed across a range of functional categories, including cyclins, spindle/ centromere proteins, transcription regulatory proteins, APC-SCF complex, and DNA damage sensors. Two categories in particular, cyclins and centromere/spindle proteins, appeared to be affected to a greater degree than the other categories in MIIstage oocytes and fertilized embryos.
The most prevalent pattern of effect among all of the affected mRNAs was increased hybridization signals in MIIstage oocytes from FSH and NS females. Because these mRNAs are produced and deposited in the oocyte as maternal transcripts during the final stages of oogenesis, the increased hybridization signals relative to the oocytes from FSH þ hCG females (in vivo matured, highest quality) most likely reflect precocious mRNA polyadenylation and recruitment for translation (polyadenylation can promote more efficient oligo(dT)-primed reverse transcription, thereby enhancing apparent hybridization signal [60] ). This phenomenon was previously reported for maternal mRNAs [44] and was particularly notable for oocytes from NS females among the maternal mRNAs examined. The striking feature of the results presented here for cell cycle-related mRNAs is that this category of maternal mRNAs appears to be especially sensitive to this effect, both in terms of proportion of affected mRNAs and that the mRNAs are strongly affected in both FSH and NS oocytes. It appears, therefore, that disruptions in the regulation of maternal mRNAs that control the cell cycle may be a prominent feature of compromised oocyte quality.
We also previously reported that many of the maternal mRNAs that are precociously recruited in MII-stage oocytes are eliminated during development to the two-cell stage, thereby creating a deficiency in mRNA expression around the time of cleavage arrest [44] . We indeed observed that pattern here for eight of the affected mRNAs (CDC25A, CDT1, AURKB, KIF22, CENPE, PLK4, and FBXW2); three of these regulate the G 1 to S transition, and four of these regulate chromosome segregation. These observations suggest that entry into S phase and DNA replication, as well as progress through mitosis and correct chromosome segregation, may be particularly susceptible to disruption in embryos that are derived from oocytes of diminished quality, thus contributing to the observed cleavage arrest. Thus, a variety of endogenous and exogenous factors may affect genomic integrity in primate oocytes and embryos. The resulting developmental arrest would thus serve the crucial function of eliminating these cells before implantation, thereby conserving maternal resources.
Given the central importance of correct cell cycle regulation to the early mammalian embryo, one might expect that the expression of these genes would be highly conserved across species. To examine this question in detail, we compared the temporal expression profiles obtained here with rhesus monkey samples to previously reported mouse array expression data [64] . The analysis presented here provides the first comparative study of cell cycle regulatory gene expression between nonhuman primate and rodent models. Although direct quantitative comparisons of expression levels between specific stages for the two species are constrained by differences in methodology and developmental kinetics, such comparisons nevertheless can reveal differences or similarities in arrays of genes expressed and differences or similarities in broad temporal patterns of expression over the preimplantation period. We find that there is considerable variation between the two species. Nine of the rhesus monkey genes selected for analysis failed to yield detectable hybridization signals. Among these, at least four (DCTN3, KIF2C, CDK4, and RB1) yielded moderate to strong signals (i.e., .500 units) on mouse arrays (Fig. 7) . Additionally, of the genes analyzed here, nine (CCNA2, CCNE1, CDKN3, AURKA, KIF22, KIFC2, KIF4A, PTTG1, and BIRC5) yielded highly divergent temporal expression patterns, and two mRNAs (CDKN3 and CCNA1) differed dramatically in relative abundances (strong signals with rhesus monkey; very weak signals with mouse array). Thus, a conservative estimate is that of the 26 cell cycle-related mRNAs for which expression was detected in this study, more than one half (n ¼ 15) display highly divergent patterns of expression between the two species. Accordingly, it does not appear that the naive expectation that cell cycle regulatory genes would be expressed similarly among different classes of mammals is supported. This suggests that cell cycle regulatory mechanisms may also differ considerably between primate and rodent species and that the oocytes and embryos of the two species may respond quite differently to external insults. The results presented here thus offer a compelling justification for the continued development and application of nonhuman primate reproductive models as an aid to understanding better human oocyte and embryo biology and as an aid to developing improved methods for assisted reproduction that enhance outcome while minimizing potential risks to the long-term health of the offspring.
The mRNA expression data presented here provide novel information about disruptions in the expression of genes controlling the cell cycle in oocytes and embryos of compromised developmental potential. Further detailed studies of cell cycle regulatory proteins, chromosome ploidy during 264 cleavage, and other functional studies in the rhesus monkey should provide additional insight into how the nonhuman primate embryo correctly regulates this important class of molecules and how this may be disrupted in response either to endogenous or exogenous factors, and either in vivo or in vitro.
